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The thermophysical properties of Bi-Ag eutectic-based alloys with additions of
3 at.%, 6 at.%, and 9 at.% Zn are presented. The density of liquid alloys was
determined using the dilatometric method, while the surface tension was
measured using the maximum bubble pressure method. Thermal expansion of
solid alloys was measured with an optical dilatometric technique. It was found
that addition of zinc to the Bi-Ag eutectic slightly decreases density, while an
increase of the surface tension and thermal expansion coefficient is observed.
Relatively good agreement is observed between surface tension calculated
from the thermodynamic model and the experimental data.
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INTRODUCTION
Alloys based on the Bi-Ag eutectic are considered
as a possible replacement for high-temperature
solders based on Pb.1 The Bi-Ag eutectic has an
acceptable melting point (the eutectic temperature
is 535 K), and a reasonable cost,2 however it is
prone to brittleness due to a high concentration of
Bi. Modification of the Bi-Ag eutectic alloy with a
third component is supposed to improve its
mechanical, electrical, thermal, and wetting prop-
erties. It was recently reported3 that addition of Sn
to Bi-Ag eutectic improves its wetting of copper
(lowering of the wetting angle), but we did not
observe such an effect for Zn addition. Wetting is an
important characteristic, as it has a direct effect on
the quality of the joint; in particular, the lower the
contact angle, the larger the area of the substrate
covered with the solder. The surface tension of the
solder is the main parameter affecting wetting, as it
is correlated with the wetting angle according to
Young’s equation.4 For experimental determination
of the surface tension, knowledge of the liquid
density is required. Density, if known in a certain
range of temperatures, gives information on the
thermal expansion of the liquid solder.5 This, com-
bined with the thermal expansion of the solid solder
and of the substrate, is crucial when designing the
soldering process as well as for joint quality due to
the risk of cracks. To assess the applicability of a
solder, reliable data on the discussed properties are
required. To the best of the authors’ knowledge, no
data regarding the density and surface tension of
liquid and thermal expansion of solid Bi-Ag-Zn
alloys exist in literature. Therefore, the aim of this
work is to determine these properties of Bi-Ag
eutectic-based alloys with additions of Zn over a
broad range of temperatures. The results of the
surface tension measurements are compared with
surface tensions calculated from the model.6
EXPERIMENTAL PROCEDURES
High-temperature solders based on Bi-Ag eutectic
containing 0 at.%, 3 at.%, 6 at.%, and 9 at.% Zn
were used for the study of thermophysical proper-
ties. The alloys were prepared by melting accurately
weighted amounts of pure metals (99.995%) in
graphite crucibles under Ar (99.9992%) protective
atmosphere. The densities (q) of the liquid alloys
were measured with a dilatometric technique over a
broad range of temperatures, 550 K to 1000 K. This
method is based on measurement of the height (H)
of a known mass (m) of liquid enclosed in a crucible
of known diameter (D) (Eq. 1). A detailed description
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Surface tension was determined using the maxi-
mum bubble pressure method (MBP) over the 550 K
to 1100 K temperature range, with the use of the
experimental setup described in detail in Ref. 7.
Sugden’s procedure8 was applied to the surface
tension calculations. Protective atmosphere of
Ar + 10% H2 was used for the measurements of both
density and surface tension. The experimental
uncertainty did not exceed 1% for density and 2%
for surface tension. The thermal expansion of solid
alloys was measured with an optical dilatometric
technique at 310 K to 490 K. A cubic sample was
placed in the center of the dilatometer, and the
change of its dimensions was observed using a dig-
ital camera. The resulting pictures were analyzed
by image analysis software, and the thermal
expansion was calculated according to the equation
a ¼ L  L0ð Þ= L0 T  T0ð Þð Þ; (2)
where a is the coefficient of thermal expansion
(CTE), L0 is the dimension of the sample at tem-




The results of the density measurements shown
in Fig. 1 were analyzed with the least-squares
method and the obtained linear equations
q = (A  BT), together with estimated errors of the
parameters A and B, and density calculated at
573 K are collected in Table I. For all of the exam-
ined alloys, it was found that the density decreases
linearly with increasing temperature. These results
indicate that addition of Zn to the Bi-Ag eutectic
seems to have a negligible effect on density, as the
densities of the alloys containing Zn are very similar
to that of the Bi-Ag eutectic. The density of the
Bi-Ag eutectic is close to values reported previ-
ously.9 Based on density data, the molar volume of
(Bi-Ag)eut-Zn alloys was calculated with the use of
Eq. (3) under the assumption that the Bi-Ag
eutectic is treated as one ‘‘component’’ and Zn is the
other component. In Eq. (3) MBi-Ag, MZn, xBi-Ag, xZn,
qBi-Ag-Zn, and VM are the atomic masses of Bi-Ag
eutectic and Zn, the mole fractions of Bi-Ag eutectic
and Zn, and the density and molar volume of the
alloy, respectively.
VM ¼ xBiAgMBiAg þ xZnMZn
 
qBiAgZn: (3)
As can be seen from Fig. 2, in the examined con-
centration range the calculated molar volume of
(Bi-Ag)eut-Zn alloys (points) deviates slightly from
the molar volume calculated under the assumption
Fig. 1. Temperature dependence of the density of liquid (Bi-Ag)eut-Zn
alloys.
Table I. Temperature dependence of the density of (Bi-Ag)eut-Zn alloys and density calculated at 573 K,
together with assessed errors of the linear coefficients A and B
xZn (at.%)








0 10.6933–0.001250 9.977 ± 0.097 ±0.188 ±0.000238
3 10.7940–0.001391 9.997 ± 0.161 ±0.348 ±0.000430
6 10.6128–0.001180 9.937 ± 0.086 ±0.153 ±0.000205
9 10.6594–0.001287 9.922 ± 0.079 ±0.142 ±0.000183
Fig. 2. Concentration dependence of the molar volume of (Bi-Ag)eut-Zn
alloys at 573 K.
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of additivity of molar volumes of components
(dashed line). Equation (4) shows the molar volume
dependence on Zn concentration at 573 K.
VMð573KÞ ¼ 20:4696  14:5705xZn þ 22:07304 xZnð Þ2:
(4)
Surface Tension
The results of the surface tension measurements
shown in Fig. 3 were analyzed with the least-
squares method and the obtained linear equations,
together with estimated errors and surface tension
calculated at 573 K, are collected in Table II. For
all of the examined alloys, the surface tension
decreases linearly with increasing temperature. The
surface tension of the Bi-Ag eutectic is in excellent
agreement with the earlier experimental results9
over the investigated temperature range. The val-
ues in Table II are, depending on the Zn content, 9
to 13.5% lower than the surface tension values
reported earlier for Sn-89Pb (450 mN m1)10 and
Sn-95Pb (440 mN m1, at 620 K)11 alloys. Gener-
ally, the surface tension of Bi-Ag-Zn alloys increases
with increasing concentration of Zn. According to
the data obtained, the surface tension of the alloy
containing 3 at.% Zn is nearly the same as the
surface tension of Bi-Ag eutectic, while for greater
concentrations of Zn the surface tension is higher.
Utilizing the model, based on the equation origi-
nally developed by Butler,6 the surface tension of
ternary Bi-Ag-Zn alloys can be calculated with
Eq. (5).










where R is the gas constant, T is the absolute tem-
perature in K, ri is the surface tension of pure
component i, Ai is the molar surface area in a
monolayer of pure liquid i (i = Bi, Ag, Zn), xi
S and xi
B
are the mole fractions in the surface and the bulk
phase, respectively, and exGi
S and exGi
B are the
partial excess Gibbs energies of component i in the
surface and bulk phase. The molar surface area, Ai
is calculated from the equation
Ai ¼ 1:091N1=3V2=3i : (6)
In Eq. (6), N is Avogadro’s number, and Vi is the
molar volume of pure liquid i. Finally, the rela-
tionship between excess Gibbs energy of component
i in bulk and surface phases is assumed to be as
follows:
exGSi ¼ bexGBi : (7)
b is a parameter corresponding to the ratio of the
coordination number Z in the surface phase to that
in the bulk phase ZS/ZB and is assumed to be equal
to 0.83 for liquid.12,13 Thermodynamic parameters
required for calculations were taken from the COST
531 thermodynamic database,14 whereas surface
tension data and density for pure liquid Ag and Bi
were taken from Ref. 9 and for Zn from Ref. 15.
Figure 4 illustrates a comparison between the
results of calculations (lines) and the experimental
data (triangles) for respective compositions. Surface
tensions calculated from the model decrease with
the increase in temperature and increase with the
increase of Zn concentration, which is in accordance
with experimental results. Good agreement is
observed between the calculated and experimental
data for both the Bi-Ag eutectic and the alloys con-
taining 3 at.% and 6 at.% Zn. In the case of alloy
containing 9 at.% Zn the results of the calculations
Fig. 3. Temperature dependence of the surface tension of liquid
(Bi-Ag)eut-Zn alloys.
Table II. Temperature dependence of the surface tension of (Bi-Ag)eut-Zn alloys and surface tension
calculated at 573 K, together with assessed errors of the linear coefficients A and B
xZn (at.%)








0 416.2–0.0589 382.5 ± 7.7 ±9.1 ±0.0110
3 420.8–0.0638 384.2 ± 6.1 ±11.4 ±0.0150
6 425.1–0.0616 389.8 ± 4.9 ±9.2 ±0.0117
9 430.5–0.0567 398.0 ± 4.0 ±7.1 ±0.0090
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are about 2% lower than the experimental data over
the whole temperature range.
Thermal Expansion
Similarly to the density and the surface tension,
the results of the measurements of CTE shown in
Fig. 5 were analyzed with the least-squares method,
and the obtained linear equations, together with
estimated errors and thermal expansion calculated
at 473 K, are collected in Table III. It was found
that, for all of the examined alloys, the samples
expand linearly with increasing temperature. Also,
the higher the concentration of zinc in the alloy, the
higher the CTE. This can be easily explained by the
fact that the CTE of Zn is roughly two times larger
than that of Bi.16 Generally, coefficients of thermal
expansion for pure elements are reported as con-
stant over a certain temperature range.16 However,
coefficients of thermal expansion determined in this
Fig. 4. Temperature dependence of the surface tension of (Bi-Ag)eut-Zn alloys. Experimental data (triangles) compared with Butler model
calculations (lines).
Fig. 5. Temperature dependence of thermal expansion coefficient of
(Bi-Ag)eut-Zn alloys.
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work are temperature dependent within the exam-
ined temperature range and increase slightly with
increasing temperature. Small variation of CTE
with increasing temperature suggests that the
studied alloy is thermally stable.17. The CTE of
Bi-Ag-based alloy containing 9 at.% Zn determined
in this work is close to the CTE of copper, which
according to Smithells metals reference book is
17.1 9 106 K1 for the 293 K to 573 K range.16
This is promising information considering the pos-
sible application of this alloy in actual soldering
process. Generally, thermal expansion data for sol-
ders are scarce and only a few sources could be
found. According to Fig. 5, the CTE for Bi-Ag-Zn
alloys for the 298 K to 373 K range is lower than the
27.5 9 106 K1 reported for Sn-3.5Ag-0.5Cu sol-
der17 or the 28.7 9 106 K1 reported for Sn-95Pb
solder.18
CONCLUSIONS
Surface tension and density of liquid Bi-Ag
eutectic alloy and alloys containing 3 at.%, 6 at.%,
and 9 at.% Zn were determined by maximum bubble
pressure and dilatometric methods, respectively.
The results of the measurements indicate that the
density decreases linearly with increasing temper-
ature for all of the examined compositions, while the
concentration of Zn has little effect on its value.
The results of density measurements suggest that
in the examined concentration range the molar
volume of (Bi-Ag)eut-Zn alloys shows slightly nega-
tive deviation from additive behavior. The surface
tension is a linear function of temperature and
decreases with its increase for all of the composi-
tions. The increase of Zn concentration in (Bi-Ag)eut-
Zn alloys results in higher surface tension. Using
the thermodynamic model based on Butler’s equa-
tion, surface tension was calculated for respective
compositions. The results of the calculations are in
good agreement with experimental data for both
Bi-Ag eutectic and alloys containing 3 at.% and
6 at.% Zn. For higher Zn concentration (i.e., 9 at.%),
poorer agreement between the model calculations
and experimental data is observed. Thermal
expansion of solid alloys depends on the concentra-
tion of zinc; i.e., it is higher for alloys containing
more zinc. Also, coefficients of thermal expansion
show dependence on temperature, increasing
slightly with increasing temperature.
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Table III. Coefficient of linear thermal expansion a of (Bi-Ag)eut-Zn alloys
xZn (at.%)








0 12.6833 + 0.003499 14.34 ± 0.056 ±0.037 ±0.000315
3 12.8653 + 0.004344 14.92 ± 0.160 ±0.123 ±0.000918
6 13.0583 + 0.004849 15.35 ± 0.129 ±0.099 ±0.000738
9 13.1625 + 0.005446 15.74 ± 0.115 ±0.088 ±0.000657
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